Background: We sought to test the hypothesis that deficits in grey matter volume are characteristic of psychotic youth with early-onset schizophrenia-spectrum disorders (EOSS) but not of psychotic youth with early-onset mood disorders (EOMD). Methods: We used magnetic resonance imaging to examine brain volume in 24 psychotic youth (13 male, 11 female) with EOSS (n = 12) or EOMD (n = 12) and 17 healthy controls (10 male, 7 female). We measured the volume of grey and white matter using an automated segmentation program. Results: After adjustment for age and intracranial volume, whole brain volume was lower in the EOSS patients than in the healthy controls (p = 0.001) and EOMD patients (p = 0.002). The EOSS patients had a deficit in grey matter volume (p = 0.005), especially in the frontal (p = 0.003) and parietal (p = 0.006) lobes, with no significant differences in white matter volume. Limitations: The main limitations of our study were its small sample size and the inclusion of patients with depression and mania in the affective group. Conclusion: Adolescents with EOSS have grey matter deficits compared with healthy controls and psychotic adolescents with EOMD. Our results suggest that grey matter deficits are not generally associated with psychosis but may be specifically associated with schizophrenia. Larger studies with consistent methods are needed to reconcile the contradictory findings among imaging studies involving psychotic youth.
Introduction
Structural brain changes, particularly reductions in grey matter volume, are well established in schizophrenia. A meta-analysis of adults with first-episode schizophrenia found robust changes in total brain volume and cerebrospinal fluid (CSF) with more limited data indicating volumetric deficits in total cortical grey matter and temporal grey matter. 1 Recent studies have consistently found grey matter deficits in patients with first-episode schizophrenia 2 and chronic schizophrenia. 3 Youth with treatment-resistant childhood-onset schizophrenia have marked reductions in cortical grey matter, which are initially present medially and posteriorly. 4 Longitudinal volumetric studies involving patients with childhood-onset schizophrenia have shown progressive cortical changes that involve the entire cortex within 5 years and then gradually become limited to the frontal and temporal regions in early adulthood. [5] [6] [7] [8] [9] [10] It remains unclear whether the structural changes observed in childhoodonset, compared with adult-onset, schizophrenia are associated with disruption of a neurodevelopmental process, as has been suggested by some genetic studies. [11] [12] [13] Alternatively, structural changes could be associated with chronic illness, positive psychotic symptoms, treatment resistance or a combination of these factors. It is also unclear whether youth with more typical adolescent-onset schizophrenia have grey matter changes of the same magnitude and spatial extent as youth with childhoodonset schizophrenia.
A review of longitudinal brain changes in childhood-onset schizophrenia and adolescent-onset psychosis reported evidence of increased CSF and reduced grey matter at diagnosis in both disease states, but there is a lack of consensus about progressive changes thereafter. 5 Studies involving adolescents with schizophrenia have found increased fourth ventricle CSF and reduced prefrontal cortex total, grey and white matter volume, but not reduced total brain volume at diagnosis. 14, 15 Among adolescents with undifferentiated psychosis, increases in intracranial CSF and reductions in frontal grey matter have been reported; these changes appear to be less severe than in patients with childhood-onset schizophrenia. 16 We asked whether the brain volume differences between patients and controls are because of disease-specific neurodevelopmental factors or chronic psychotic symptoms. One approach to answer this question is to compare structural brain changes between adolescents with early-onset schizophreniaspectrum disorders (EOSS) and adolescents experiencing positive psychotic symptoms as part of affective illness. Youth with early-onset affective illness more often experience psychotic symptoms than do individuals with adult-onset affective illness. Furthermore, the course of illness is often more severe and long term in youth with mood disorders than in patients with adult-onset mood disorders.
We sought to determine whether the brain changes observed in youth experiencing psychotic symptoms in the context of EOSS and early-onset mood disorders (EOMD) are similar. Similarities would suggest that the greater brain changes reported in patients with childhood-onset schizophrenia relative to adult-onset schizophrenia are related to an earlier onset of the psychotic process. Differences would suggest that the brain changes in EOSS are unique to the pathophysiology of schizophrenia, rather than being related to psychosis or severe psychiatric illness. 17 Few studies have directly compared cortical volume in adults with schizophrenia to that in adults with other active psychosis. [18] [19] [20] [21] [22] [23] [24] [25] These studies have not yielded consistent results, although differences in the brain regions studied and in the specific diagnostic subtypes of the psychotic (nonschizophrenic) groups may have contributed to disparate findings.
To assess the potential role of disrupted neurodevelopmental processes in the development of psychosis, it is important to extend the studies comparing affective and schizophrenic psychoses to adolescence, a time when psychotic symptoms frequently begin and when normal neurodevelopmental processes are highly active. We hypothesized that adolescents with schizophrenia would have more pronounced grey matter deficits than those with affective psychoses or normal controls. In this study, we tested the hypothesis that differences in brain volume are associated specifically with schizophrenia, rather than with psychosis in general.
Methods

Participants
We included adolescents with psychosis who were experiencing at least 1 positive psychotic symptom of moderate or greater severity on the Brief Psychiatric Rating Scale for Children; 26 this symptom had to have been present for at least 2 weeks. These criteria allowed for the inclusion of those with a possible diagnoses of schizophrenia, schizoaffective disorder, major depression with psychotic features and bipolar affective disorder with psychotic features. All diagnoses were made on the basis of a medical record review, detailed clinical examination by an adolescent psychiatrist (L.S.) and a structured diagnostic interview administered by a social worker or psychiatric nurse immediately after the youth enrolled in the study. All clinicians achieved 0.85 interrater reliability on the New York University form of the Schedule for Affective Disorders and Schizophrenia for School-Age Children Present and Lifetime Version (K-SADS-PL) 27 and on the Structured Clinical Interview for DSM-IV (SCID). 28 The K-SADS-PL and the psychotic disorders section of the SCID were used for most participants, whereas the SCID alone was used for participants older than 18 years (n = 3).
We excluded patients with psychotic symptoms that were secondary to substance intoxication or withdrawal, those with a full scale intelligence quotient less than 70, those with a concurrent diagnosis of pervasive developmental disorder, those with any neurologic disorder, and those who were pregnant or who posed imminent risk of harm to themself or others.
The psychotic adolescents were recruited on the basis of participation in an ongoing antipsychotic treatment study involving 50 youth with active psychosis. We recruited control participants from the community through advertisement and by word of mouth. Controls had no psychiatric disorder or neurologic disease, as determined by K-SADS-PL and focused neurologic examination. Controls and their guardians selfreported that they had no first-degree relatives with a major psychiatric disorder. Psychotic patients and controls were recruited over a 3.5-year period. There was no change in the scanner protocol during this period.
The protocol was approved by the Institutional Review Board of the University of North Carolina. Each adolescent gave written assent and each participant 18 years or older gave written informed consent, as did all patient guardians.
Magnetic resonance imaging
All magnetic resonance imaging (MRI) examinations were performed on a 1.5-T Signa scanner (GE Medical Systems) using a standard head coil. Routine, weekly quality-assurance monitoring was done for field homogeneity, eddy current compensation and image quality, and there were procedures in place for daily signal-to-noise measurement in the head coil using a standard phantom. A scout sequence was run for each participant to achieve similar slice positioning, and T 1 -and T 2 -weighted image sets were acquired in the axial plane. The 
Analysis of brain volume by MRI
Brain volumetric assessments were made using a suite of programs developed at the University of North Carolina (www .cs.unc.edu/~gerig/soft.html). The MRI data were analyzed in a multistep process that was designed to facilitate volumetric analysis. After skull-stripping and correction for magnetic resonance bias inhomogeneity were performed individually for each channel, we interpolated the baseline T 1 -weighted data to an isotropic 1 × 1 × 1 mm 3 grid and registered the data to the International Consortium for Brain Mapping probabilistic brain atlas, so that all brains were analyzed and displayed in a standard coordinate system. The dualecho T 2 -weighted data were registered to the T 1 -weighted data, and all images were analyzed with a 3-channel segmentation, which used an automatic, atlas-based brain tissue segmentation program (Expectation Maximization Segmentation) to separate brain tissue into grey matter, white matter and CSF. 29 The probabilistic brain atlas driving the tissue segmentation utilizes Talairach-based box parcellation that divides left from right hemispheres and coarsely represents the frontal, temporal, occipital and parietal lobes. 30 Atlas registration overlays these boxes onto each scan, thereby creating a fully automatic brain parcellation for each data set. We measured ventricular volume by use of an automated level-set evolution method. All measurements were performed without knowledge of the participant's diagnosis.
Most of the tools used were fully automatic (atlas registration and intermodality registration, brain tissue segmentation, parcellation) or automated with minimal user interaction (initialization of ventricle segmentation), which makes the procedures robust against rater drift. We calculated the intraclass correlation coefficient for the only manual process using a sample set of 5 data sets replicated 3 times, which resulted in 15 image data sets. The trained expert user (M.E.S.), who performed all measurements in this study, applied the ventricular volume tool to this set of 15 images. The intraclass correlation coefficient for the ventricular volume measurement process was 0.999, demonstrating excellent intrarater reliability. Our analysis was limited to the relatively large structures that can be measured with a high degree of measurement precision (Fig. 1) .
Statistical analyses
We performed all statistical analyses using SAS 9.1. We used descriptive statistics and data plots to look for outliers and group differences in baseline characteristics. We examined the intracranial volume, CSF and lateral ventricle volumes using a general linear model that was adjusted for age and sex. The dependent variable was volume, and the independent variables were diagnostic group, age and sex. We controlled for age because it is a strong predictor of brain volume in children. 31 To control the rate of type I errors, we required that the test of diagnosis group (2 degrees of freedom) be significant at the α = 0.05 level before the 2-way contrasts between groups were interpreted.
We performed tests concerning lobe and tissue volume by standard mixed-models analyses with repeated-measures over a spatial domain (regional brain volumes). Each participant had 16 repeated measures, which were designated by a combination of 3 independent variables: lobe (frontal, temporal, parietal, occipital), tissue type (grey or white) and hemisphere (left or right). The dependent variable was regional volume, whereas the independent variables included lobe, tissue, hemisphere and diagnosis group; we included all 2-, 3-and 4-way interactions between these 4 variables. In addition, we included age and intracranial volume as control variables in the regression analyses, along with the interactions between each of these variables and region and tissue. We also included intelligence quotient and sex as covariates in the model; these variables did not contribute significantly or change the results, so they were not included in the final analyses.
We performed initial comparisons of total brain, grey and white matter volumes between the 2 diagnostic groups and between each of the diagnostic groups and the healthy control group. Because we found no difference in the volumes of the brain structures between the EOMD and control group, we combined these groups. The subsequent analyses of regional volumes compared the EOSS group with the combined EOMD and control group. This increased the sample size of participants included as controls, yet it is consistent with our initial hypothesis that only patients in the EOSS group would show volume changes. To adjust for heteroscedasticity within the regions of interest, we computed empirical estimates using the empirical option of SAS Proc Mixed 32 because lobes and other small structures can have different means and variances. To adjust for systematic variances in the regional brain volumes, we computed empirical estimates of the standard erros with a correction factor for small samples using SAS Proc Mixed.
32,33
Results
Participants
In total, we included 15 patients with schizophrenia spectrum disorder (schizophrenia or schizoaffective disorder, hereafter referred to as schizophrenia), 14 patients with affective psychoses and 17 healthy controls. Twenty-nine of the 50 participants in the psychosis-treatment study (58%) completed imaging . Reasons for not completing the imaging included metal in their body or braces (n = 5), too psychotic to tolerate the MRI procedure (n = 4), aged less than 12 years (n = 4) and declined to participate (n = 8). In addition, the images of 5 patients (3 with EOSS and 2 with EOMD) with were excluded because of inadequate image quality for segmentation owing to motion artifacts during the scan procedure.
The final analyzed sample included 12 patients with schizo phrenia (6 with schizoaffective disorder), 12 patients with affective psychosis (7 with psychotic depression, 5 with bipolar disorder) and 17 controls (Table 1) . Age did not significantly differ between the groups. There were fewer male participants in the EOMD group than in either the EOSS or control groups (Table 1 ).
Brain volumes
There was no significant difference in intracranial volume across the 3 groups after adjustment for age and sex (F 2,35 = 1.78, p = 0.18). The distribution of grey matter, white matter and CSF volumes proportional to total intracranial volume in each group is shown in Figure 2 . Total, grey matter and white matter volumes adjusted for age and intracranial volume are provided in Table 2 . After adjustment for age and intracranial volume, the EOSS group had reduced total brain volume compared with the healthy control group (-2.2%, t 36 = -3.88, p = 0.001) and the EOMD group (-2.0%, t 36 = -3.88, p = 0.002). After adjustment, the EOSS group had reduced grey matter compared with the healthy control group (-4.0%, t 36 = -3.13, p = 0.001) and EOMD group (-4.5%, t 36 = -3.29, p = 0.019), but there was no differences in white matter volume (data not shown). In contrast, there were no differences in adjusted total brain volume, grey matter or white matter between the EOMD group and the healthy control group (p = 0.40 to 0.48).
All subsequent comparisons involved the EOSS group and the combined control group (EOMD plus healthy controls; Table 2 ). The EOSS group had significantly reduced adjusted total brain volume (-2.1%, t 36 = -3.70, p < 0.001) and total grey matter (-4.2%, t 36 = -3.42, p = 0.002) compared with the combined control group. There were no significant differences between groups for white matter volume (t 36 = 1.13, p = 0.27). We observed similar relations for adjusted total and grey matter volumes in the frontal and parietal lobes, with the EOSS group having significantly smaller volumes than the combined control group (Fig. 3) . There was no differences between the EOSS group and the combined control group for adjusted volume in the temporal and occipital lobes or for adjusted white matter volume in any lobe. The EOSS group had significantly greater adjusted CSF volume than the combined control group (12.6%, t 36 = 4.32, p < 0.001). However, the adjusted lateral ventricle volume was not different between the EOSS group and the combined control group (t 36 = 0.74, p = 0.46).
Discussion
In this study, we report total and regional deficits of grey matter volume in psychotic adolescents with schizophrenia but not in psychotic adolescents with mood disorder. The deficits in grey matter volume were significant in the frontal and parietal lobes. Our results suggest that structural brain changes may be specifically associated with schizophrenia but not generally associated with psychotic symptoms.
Our results in the EOSS group are largely consistent with earlier results from childhood-onset schizophrenia and firstepisode schizophrenia studies which reported that grey matter deficits are most prominent in parietal cortices. 4, 8, 9 In contrast to longitudinal studies in childhood-onset and adult-onset schizophrenia, we did not observe significant grey matter deficits in the temporal lobe. 8, 9 The discrepancy in the temporal lobe could also reflect imaging earlier in the disease process or relatively small differences that are only apparent in large samples. Alternatively, divergent results may reflect differences in imaging methods or phenotypic variability in schizophrenia.
Our findings in the schizophrenia group are consistent with those of Nakamura and colleagues, 23 with caveats. We did not detect any differences in grey matter volume in patients with affective psychoses, which contradicts the findings of the baseline scan in their sample. However, our findings are consistent with their 18-month follow-up data, which suggests that the duration of illness may be critical in determining brain volumetric deficits. The mean duration of illness in our sample was 24 months. Our results are also consistent with other comparative studies of first-episode schizophrenia and first-episode affective psychosis. 18, [20] [21] [22] 24 Although a recent study found several grey matter deficits that appeared to be unique to EOSS, it also suggested that left medial frontal grey matter deficits may be common to both adolescents with EOSS and first-episode bipolar psychosis. 34 
Limitations
The greatest limitation of our study is the small sample size, which limits our ability to detect small differences in volume. We also lacked the power to rigorously test the correlations between cortical volume and clinical and symptomatic characteristics. These results do not preclude the existence of smaller or more focal differences between either psychotic group and healthy controls that might be revealed with other methods or a larger sample size. A strength of our study is that we focused on youth with adolescent-onset schizophrenia rather than on the more rare childhood-onset disorder. Furthermore, most of the participants were not resistant to treatment and had relatively limited exposure to psychotropic drugs. 
Conclusion
The finding of grey matter reduction in patients with schizophrenia but not in those with mood disorder suggests that grey matter deficits may be a specific feature of schizophrenia rather than a general feature of psychosis. This may mean that volumetric deficits are related more to negative and cognitive symptoms rather than to positive symptoms. A better understanding of the underlying pathophysiology of schizophrenia and optimized design of next-generation treatment will require larger samples from multisite consortiums and more uniform analysis procedures.
